Eukaryotes have established symbiotic relationship with microorganisms, which enables them to accomplish functions that they cannot perform alone. In the German cockroach, Blattella germanica, the obligate endosymbiont Blattabacterium coexists with a rich gut microbiota. The transmission of Blattabacterium is vertical, but little is known about how the gut microbiota colonizes newborn individuals. In this study, we treated B. germanica populations with rifampicin, a broad-spectrum antibiotic, during two generations and analyzed gut bacterial composition and the Blattabacterium load in control and rifampicin-treated populations. Rifampicin exerted a drastic effect on gut microbiota composition, which recovered in the second generation in the case where the antibiotic was not added to the diet. Furthermore, we observed that bacterial species present in the diet, and particularly in the feces, contribute significantly to establishing the gut microbiota. Finally, the Blattabacterium population remained unaffected by the antibiotic treatment of adults during the first generation but was strongly reduced in the second generation, suggesting that this intracellular symbiont is sensitive to rifampicin only during the infection of the mature oocytes, when it is in an extracellular stage.
INTRODUCTION
When studying the widespread distribution of arthropods throughout our terrestrial environment, we must also consider their mutualistic relationship with microorganisms. It has been estimated that about 15% of insects maintain a mutualistic endosymbiotic association with bacteria (Douglas 1998; Moran, McCutcheon and Nakabachi 2008; Moya et al. 2009 ). Moreover, most insects harbor intestinal symbionts, which contribute to their normal physiology and survival (Engel and Moran 2013; Yun et al. 2014) . Cockroaches and the lower termite Mastotermes darwiniensis (henceforth Mastotermes) harbor the endosymbiont Blattabacterium cuenoti (henceforth Blattabacterium) , which belongs to Flavobacteria, located inside specialized cells (bacteriocytes) in the fat body, and they also have a rich and diverse gut microbiota. Hence, these arthropods are paradigmatic because they harbor both types of symbiotic system, providing a unique opportunity to study the dialog between two spatially separated symbionts (Bandi et al. 1995; Tokuda et al. 2013; Sabree and Moran 2014) .
Phylogenetically speaking, cockroaches (Dictyoptera: Blattaria) and termites (Dictyoptera: Isoptera) are closely related. In fact, termites form a monophyletic clade that evolved from wood-feeding cockroaches 150-170 Mya (Lo et al. 2000; Bourguignon et al. 2015; Nalepa 2015) . The evolutionary history of Blattabacterium and their corresponding hosts is coherent, indicating that the acquisition of Blattabacterium took place in a common ancestor of cockroaches and termites (Patiño-Navarrete et al. 2013) . Thus, the endosymbiont was lost in all termite lineages with the exception of Mastotermes (Bandi et al. 1995) . The genome sequencing of Blattabacterium from several cockroach hosts, together with studies of comparative genomics, metabolic modeling and metatranscriptomics of the fat body, has led researchers to postulate that the role of Blattabacterium is to supply essential amino acids to the host, and to participate in the host's nitrogen recycling (López-Sánchez et al. 2009; Sabree, Kambhampati and Moran 2009; González-Domenech et al. 2012; Patiño-Navarrete et al. 2014) . However, Blattabacterium from the woodfeeding cockroach Cryptocercus punctulatus (henceforth Cryptocercus) and Mastotermes have lost the pathways required to synthesize five and four essential amino acids, respectively. The phylogenetic proximity of both lineages, which forms the basal branch in termite phylogeny, indicates that most gene losses took place before both lineages split (Lo et al. 2003; Neef et al. 2011; Sabree et al. 2012; Sabree and Moran 2014) . As both insects are xylophagous, the lost pathways could be compensated by similar functions undertaken by the gut microbiota (or other microorganisms) acquired by ancestral hosts. Tokuda et al. (2013) sequenced the Blattabacterium genome of a wood-feeding, nonsocial cockroach, Panesthia angustipennis, which is phylogenetically distant from Mastotermes and Cryptocercus. They found that the pathways for essential amino-acids synthesis are complete in this new genome, which is more similar to the genome of other non-social, omnivorous cockroaches. The authors concluded that the pathway losses of the endosymbiont are associated with the social behavior of Mastotermes and Cryptocercus, which guarantee a high-fidelity transfer of the gut microbes replacing the lost Blattabacterium metabolic functions, or even the loss of the endosymbiont in higher termites (Tokuda et al. 2013) .
The shift from an omnivorous to a wood-based diet in the ancestor of termites and the Cryptocercus lineage was accompanied by the acquisition of cellulolytic flagellates, a specialized gut microbiota and the development of proctodeal trophallaxis (Brune and Dietrich 2015; Nalepa 2015) . The function of microbes in Cryptocercus and wood-feeding termites is to metabolize and upgrade their cellulose-based nitrogen-poor diet. Lately, the loss of flagellates and the endosymbiont in the higher termites resulted in an entirely prokaryotic gut microbiota and sophisticated social behavior (Brune 2014; Brune and Dietrich 2015; Nalepa 2015) .
Cockroaches of the genus Cryptocercus and termites have the most complex gut community found in insects so far (Engel and Moran 2013) . In Cryptocercus and Mastotermes, the most predominant phyla are Spirochaetes, Proteobacteria, Firmicutes and Bacteroidetes, with reperesentations of Actinobacteria, Synergistetes, Verrucomicrobia, candidate phylum TG1 and candidate phylum TG2 (Berlanga, Paster and Guerrero 2009; Dietrich, Köhler and Brune 2014; Berlanga 2015) . In higher temites the predominant phyla are Spirochaetes, Firmicutes, Bacteroidetes (similar to those found in Cryptocercus and Mastotermes), candidate phylum TG3, Proteobacteria and Fibrobacteres (Hongoh 2010; Dietrich, Köhler and Brune 2014; Brune and Dietrich 2015) .
Most cockroaches are omnivorous and non-social insects, and harbor Blattabacterium that ensures nitrogen recycling and upgrading in addition to a rich complex gut microbiota, whose role is not well understood. This gut microbiota is mainly located in the hindgut, i.e. the last portion of the digestive tract (Schauer, Thompson and Brune 2012; Brune and Dietrich 2015; Gontang et al. 2017) . Studies into their composition seem to indicate the existence of a core microbial community based on the relative abundance of the main phyla. As in mammals, the most dominant are Firmicutes (mainly Clostridiales) and Bacteroidetes, which could be related with the omnivorous nature of both cockroaches and mammals; Proteobacteria (as in woodfeeding termites) and Fusobacteria are also abundant (Schauer, Thompson and Brune 2012; Sabree and Moran 2014; Pérez-Cobas et al. 2015; Gontang et al. 2017; Zhang et al. 2017) .
Symbiont transmission is essential to ensure the maintenance of the symbiotic systems through host generations. Two fundamental transmission modes can be distinguised: horizontal and vertical, notwithstanding mixed transmission (Bright and Bulgheresi 2010) . Cockroaches are hemimetabolous insects, which pass through several nymphal stages from egg to adult (six in females of Blattella germanica). In cockroaches, Blattabacterium, as other insect endosymbionts, is transmitted vertically from mother to offspring. During transmission, after the ootheca hatch, bacteriocytes containing Blattabacterium migrate from the fat body to the ovarioles in nymphs, where they adhere to the follicle cells surrounding the oocyte. After several days, the endosymbionts are expelled by exocytosis as free cells and migrate up to the intercellular space located between the oocyte and the follicle cells, where they are engulfed via endocytosis by the mature oocyte, once vitellogenesis ends and just before ovulation takes place in the adult (around 7 days after adult ecdysis), recovering the host-derived symbiosomal membrane that surrounds each endosymbiont (Tanaka 1973; Sacchi et al. 1988 Sacchi et al. , 1996 Giorgi and Nordin 1994) .
Despite our knowledge of the above mechanisms, information is still lacking as to how the gut microbiota is acquired by cockroaches. The neonatal digestive tract is microbe-free and the microbiota becomes fully established by the third instar, at which point the nymphs acquire nutritional independence (Carrasco et al. 2014; Berlanga 2015) . Our study aims to shed light on how gut bacteria are acquired and later colonize the hindgut of B. germanica. The absence of vertical transmission would indicate that the gut microbiota must be horizontally acquired from the environment. As B. germanica is a non-social insect, the lack of proctodeal feeding leaves the offspring with only two possible gut microbiota acquisition: a deterministic transfer by contact with colony members or their feces, or a stochastic inoculation via environmental factors. To investigate this question, we have designed an experiment to study and compare the composition of the gut microbiota during antibiotic treatment with rifampicin, and during the microbiota recovery in the next generation after antibiotic removal. The study also evaluated the acquisition of new bacteria, either from the diet, from feces, or from any other environmental source. Rifampicin was used because it is one of the most potent and broad-spectrum antibiotics due to its high-affinity binding to the RNAP β subunit (encoded rpoB gene), causing the inhibition of the bacterial DNAdependent RNA polymerase RNAP by directly blocking the RNA Figure 1 . Experimental design to evaluate the effect of rifampicin treatment on B. germanica endosymbiont and hindgut microbiota during two generations. Timeline shows nymphal (n) and adult (a) stages for each generation, and the day on which adult females were analyzed. The experiment was initiated with a synchronized adult population (0a) of cockroaches in G1. Before any treatment, the indicated number of female was dissected at this point (C0). The population was divided and individuals were treated with rifampicin (R, R population) or untreated remaining as control (-R, C population). In G1, female cockroaches were dissected at each time point (days) for C and R populations: C10, C20, C30, R10, R20 and R30 (in C10 point, three individuals were analyzed but later reduced to 2, see text for details). Nymphs from R population were used to initiate G2, which was treated with rifampicin (+R, population RR), not treated with antibiotic (-R, population RC) or not treated with antibiotic but supplied with feces from a C population (−R+F, population RF). Ten-day-old female cockroaches from these three populations were dissected. At the indicated time points, hindgut and fat body were collected from the individuals and analyzed, as described in Materials and Methods. elongation path (Campbell et al. 2001; Goldstein 2014) . Simultaneously, we have monitored the effect of rifampicin treatment on the endosymbiotic population by qPCR during the treatments.
MATERIALS AND METHODS

Blattella germanica population in this experiment
Blattella germanica originated from a stable laboratory population housed by Dr. X. Bellés' group at the Institute of Evolutionary Biology (CSIC-UPF, Barcelona). It was reared in culture chambers at the Cavanilles Institute of Biodiversity and Evolutionary Biology (University of Valencia) in aerated containers at 25
• C, 65%
humidity and a photoperiod of 12L:12D. Cockroaches were fed dog-food pellets (Teklad Envigo, Madison, USA; global 21% protein dog diet, 2021C) and water was supplied ad libitum. When required (see below), the antibiotic rifampicin (Alfa Aesar, Karlsruhe, Germany) was supplied with the water at 0.02% (w/v). In addition, feces from control population were added to the diet when required. The dose of rifampicin was chosen because in a preliminary study higher doses beginning in nymphs seriously affected the B. germanica development (data not shown).
Experimental design
Newly hatched cockroaches in nymphal (n) stage (first generation, G1) (time 0n at G1 in experimental graphic design at Fig. 1 ) were grown until reaching adult (a) stage (identified by emergence of wings, on day 38n approximately) after the final adult ecdysis (time 0a at G1). At that point, a synchronized adult population (consisting of a set of male and female individuals collected between 0 and 48 h after adult hatching) was initiated (adult time 0a). Before any treatment, four female adult cockroaches were dissected (C0). Then, the remaining synchronized adult population was divided into two new populations. One was treated with rifampicin (+R, R population), remaining the other as control (-R, C population). Females of the rifampicintreated and untreated populations (R and C, respectively) were dissected at the following adult G1 times (days): 10a (three females, C10 and four females, R10), 20a (three females, C20 and three females, R20), and 30a (three females C30 and four females R30). After 30 days of rifampicin treatment, some female adult cockroaches from the R population with fully developed egg case (ootheca) were isolated in individual plastic containers suspending the rifampicin treatment until the emergence of the nymphs (just a few days later). Then, newly hatched nymphs (second generation, G2) were divided in two populations that were maintained without rifampicin (-R, RC population), or without rifampicin but supplied with feces from a control population, (-R + F, RF population). A third population was established with nymphs hatched from females always treated with rifampicin (+R, RR population). Ten days after reaching the adult stage, time 10a at G2, female cockroaches were dissected from each treatment (6, 3 and 10 females from RR, RC and RF populations, respectively). Thus, a total of 10 time points and 43 females were analyzed, 24 and 19 at G1 and G2, respectively (Fig. 1) .
All the analyzed cockroaches were anesthetized under a stream of CO 2 and freshly dissected on a paraffin plate. Then, hindguts and fat body tissue were extracted. Both tissues were collected independently using Ringer's solution, frozen in liquid nitrogen and stored at -80
• C until use.
The hindgut was used to analyze microbiota composition, whereas the fat body was used to monitor the Blattabacterium population.
DNA extraction, bacterial 16S rRNA gene amplification and sequencing
Hindgut and fat body tissue were ground with sterile plastic pestle in cell lysis buffer (CLB). Food and feces samples were ground to a fine powder in liquid nitrogen by mortar and pestle, and then CLB was added. To break the cell wall of Gram-positive bacteria, 1 μl of lysozyme (20 mg/mL) was added during lysis in CLB for all the samples. Total DNA was obtained using the JetFlex Genomic DNA Extraction kit (Genomed Löhne, Germany) and quantified using the Qubit method (Thermo Fisher). DNA obtained from the hindgut, food and feces was used as template for amplification of the V3-V4 region of the bacterial 16S rRNA genes and sequenced using the Illumina MySeq technology at the Sequencing Facility Service (SCSIE) at the University of Valencia (hindgut), and the FISABIO Foundation (food and feces). DNA obtained from the fat body was used for qPCR analyses.
Processing, biodiversity and statistical analyses of the 16S rRNA reads
Illumina reads were cleaned and quality-filtered using the Prinseq-lite program (Schmieder and Edwards 2011) . Sequences shorter than 100 bp and with a mean Phred quality score less than 20 were removed. We used the QIIME pipeline for the operational taxonomic units (OTU) clusterization (Caporaso et al. 2010b) , taxonomic assignments and estimation of alpha and beta diversities. Sequences were clustered at 97% pairwise identity using the UCLUST de novo OTU picking method. A representative sequence from each OTU was aligned to the SILVA 119 dataset using PyNAST (Caporaso et al. 2010a) . Taxonomic assignments were carried out with UCLUST using the SILVA 119 majority taxonomy dataset as training. In the analysis, we used annotations at genus or family levels, but also considered other relevant sequences that only reached higher wellidentified classification levels (named as uc). The Shannon diversity index (Shannon 1948) , the species richness estimators Chao1 (Chao 1984) and the observed OTUs were calculated for all the individuals analyzed, normalized by the number of sequences to avoid bias by differences in sequencing depth between individuals. These estimators are implemented in Vegan package (Oksanen et al. 2016 ) under R software (http://cran.r-project.org) (Development Core Team 2011). The script compare˙alpha diversity.py was used to apply a ttest to statistically compare the alpha diversity metrics between treatments. Significant differences were reported when the p-value is < 0.05 (adjusted P-values by false discovery rate [FDR] method).
To test for differences between microbial communities of the different samples, Bray-Curtis dissimilarities were estimated using the Vegan package (Oksanen et al. 2016) . This measurement quantifies the compositional dissimilarity between two different samples, based on counts at each sample. Its value is bound between 0 and 1, where 0 means the two samples have the same composition (that is, they share all species), and 1 means the two samples do not share any species (Bray and Curtis 1957) . The Bray-Curtis dissimilarities were used to perform a hierarchical clustering of the samples and a principal coordinates analysis (PCoA) to study the differences in the microbial communities associated to the different treatments (ter Braak 1986). To test the effect of the treatment on the variation in microbial composition, we also applied a permutational multivariate analysis of variance (implemented in the Adonis function of Vegan package) with 1000 permutations.
Quantitative PCR
For the quantification of Blattabacterium population in the fat body, an absolute quantitative real-time PCR approach, was developed. Urease gene ureC (accession number NC 013454.1) was used as specific of the endosymbiont population (López-Sánchez et al. 2009 ), whereas actin5C gene (accession number AJ861721.1) was used for the host control (Maestro et al. 2005) . Primer pair used for amplifying ureC fragment was described in (Patiño-Navarrete et al. 2014) (UC1F: 5 -GTCCAGCAACTGGAACTATAGCCA-3 and UC1R: 5 -CCTCCTGCACCTGCTTCTATTTGT-3 ), and specific primers for the actin5C gene were designed for this experiment: ActinF: 5 -CACATACAACTCCATTATGAAGTGCGA-3 and ActinR: 5 -TGTCGGCAATTCCGGTACATG-3 . PCR reactions were carried out on an ArialMx Real-Time PCR System (Agilent Technologies, Düren, Germany). The qPCRs were performed using SYBR Green as fluorescent reporter in a volume of 20 μl, which contained 10 μl of Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies), 5.7 μl of H 2 O, 0.5 μl of 10 μM of each primer, 0.3 μl of 1:50 dilution of 1 mM Reference Dye Brilliant III Ultra-Fast SYBR Green QPCR (Agilent Technologies) and 3 μl of genomic DNA.
Purified PCR-amplified products were quantified using the Qubit method (Thermo Fisher). PCR products from urease gene and actin gene obtained with primer pair UC1F/UC1R and ActinF/ActinR, respectively, were purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) and products were serially diluted 10-fold, to generate a standard curve for each gene by a 10-fold serial dilution, one for each gene.
Cycling conditions were as follows: 3 min at 95
• C, 45 cycles of 5 s at 95
• C, 10 s at 60 • C and 10 s at 72
• C. The fluorescence measurement was performed at 72
• C to minimize the fluorescence that could arise from primer-dimer unspecific annealing. At the end of each reaction, a melting curve was performed to check the specificity of amplification and to confirm the absence of primer dimer formation. All reactions, including negative controls (containing water instead of DNA), were run in triplicate in 96-wells plates. Statistical differences among samples of the quantitative PCR results were tested by the Tukey multiple comparisons test (adjusted P-values by FDR method).
Deposition of sequence data
All the sequences in this study have been submitted to the European Bioinformatics Institute (EBI), EMBL Nucleotide Archive under accession number PRJEB23464.
RESULTS
Microbial diversity of the gut microbiota in B. germanica
We analyzed the 16S rRNA gene (regions V3-V4) to estimate the gut bacterial composition in 43 female cockroaches belonging to 10 different time points and different treatments (see Fig. 1 ; Fig. S1 , Supporting Information 97% level of homology) were observed, which were classified into 674 taxa belonging to 24 phyla, 21 in the case of G1 and 17 in G2 (see Table S1 , Supporting Information). In this work, we used genus level (or the closer to genus as possible) for the classification of taxa. To work only with the most predominant taxa, we considered only those with an abundance of above 0.1% in at least one of the samples. Then, 47 taxa fulfilled this requirement and were the only ones considered in most of the analyses. These 47 predominant taxa belonged to the following eight phyla Bacteroidetes, Deferribacteres, Firmicutes, Fusobacteria, Actinobacteria, Planctomycetes, Proteobacteria and TM7. Of them, 20 could be assigned to genera, 16 reached a family level of classification, whereas the 11 remaining were named with the lowest taxonomic level possible as uc ( Fig. S1 and Table  S2 , Supporting Information). At G1 (samples C0, C and R), the microbiota of the rifampicin-treated cockroaches (R) had a very different composition compared to the control (untreated) individuals (C0 and C). The shift already occurs at 10 days of rifampicin treatment while only small changes occurred after days 20 and 30 of treatment. Very interesting results were obtained for the only time point sampled at generation G2 in the three different treatments. The population continuing the treatment with rifampicin (RR) showed an even greater reduction in diversity than the treated (R) population in G1. On the other hand, a clear recovery in taxa diversity occurred in G2 when no rifampicin was supplied to the food, both in individuals fed normal diet (RC) and in those with a feces-supplemented diet (RF). We carried out PCoA on the bacterial communities derived from the 43 individuals analyzed (Fig. 2) . As it can be observed, there is a clear difference between rifampicin-treated and nontreated samples (first axis), and to a lower extent a difference between rifampicin treatment at G1 and G2 (second axis) and between the original control samples (C0 and C) and the control samples after microbiota restoration (RC and RF) in G2 (third axis). The Adonis test showed that the grouping of the samples according to the treatment is statistically significant (P-value = 0.001). As expected, the non-antibiotic-treated samples are more similar to each other. The RC and RF samples look mixed, but the Adonis test using only these two groups indicated that there are significant differences (P-value = 0.006), deserving further study (see below).
To test whether the samples in the different time points at G1 were homogeneous, we applied an Adonis analysis to the non-rifampicin-treated samples (C10, C20 and C30) on one hand, and to the rifampicin-treated ones on the other hand (R10, R20 and R30). In the former, we analyzed if there were differences due to time of development (female age), and in the second if there were differences mainly due to the time of rifampicin treatment. In the latter case, there was not a significant effect of sampling time (P-value = 0.3), whereas in the case of the C population, the time effect was significant (P-value = 0.012). Then, to determine the number of subgroups of samples inside the population C (presumably there should be three, one for each time point), we used the LOF (local outlier factor) algorithm to identifying density-based local outliers (Breunig et al. 2000) . Two subgroups were identified, one formed by the majority of the samples and the other formed by possible outliers. Sample C10.1 obtained the highest outlier score (data not shown). Again, we applied the Adonis analysis on the C samples after removing the outlier and now the time effect was not significant (P-value = 0.055). Thus, we determined that R and C (without the outlier) populations behaved like two homogeneous groups regardless of the day females were analyzed. Henceforth, in the subsequent analyses we used the following six groups (marked in red capital letters in Fig. 1 ): C0 (G1 population at day 0), C (formed by the combination of time points of eight adult controls during G1, at days 10 (2 samples), 20 (3 samples) and 30 (3 samples)), R (formed by the combination of the three time points of 11 G1 adults under rifampicin treatment at days 10 (four samples), 20 (three samples) and 30 (four samples), RR (adult population at G2 with rifampicin treatment), RC (adult control population at G2 with no rifampicin supply) and RF (adult population at G2 with no rifampicin supply but supplemented with feces). All the analyses were then carried out in 23 and 19 individuals from G1 and G2, respectively. The distribution of the 47 taxa and the relative abundance of the eight phyla for each treatment are shown at Fig. 3 and Table S2 , Supporting Information, respectively. Bacteroidetes, Firmicutes and Proteobacteria are the predominant phyla in all the treatments, with the exception of Fusobacterium that is predominant in R samples. Again, we observed the powerful effect of rifampicin treatment at G1 (R) and G2 (RR) in the microbiota composition with respect to control populations. Furthermore, there are striking differences between the two rifampicin-treated groups in the two generations, as shown previously by PCoA (Fig. 2) . Also evident is the closeness of taxa and abundances in control populations (C0 and C) at G1 with RC and RF at G2, meaning that the microbiota has been recovered (at least in the main taxa) after rifampicin treatment. Interestingly, we detected a shared microbiome composed of 10 taxa present in 100% of the individuals regardless of generation, sampling time, abundance or treatments. Its composition was Desulfovibrio (Proteobacteria phylum), Tannerella, Bacteroides, Dysgonomonas (Bacteroidetes phylum), uc Planctomycetaceae, uc Planctomycetes, uc Planctomycetes;vadinHA49 (Planctomycetes phylum), uc Erysipelotrichaceae, Erysipelotrichaceae;Incertae Sedis (Firmicutes phylum) and Fusobacterium (Fusobacteria phylum) (marked in bold in Table S3 , Supporting Information).
Inter-treatment variation was statistically tested (t-test) by comparing the alpha-diversity metrics (Table 1) . Regarding the Shannon index, the diversity in rifampicin-treated populations Shannon index and richness estimators, Chao1 (expected OTUs) and observed OTUs, for the different treatments calculated on rarefied samples with equal number of sequences per sample. C0, C, R, RR, RC and RF as in Fig. 3 . SD, standard deviation.
R and RR is significantly lower (P-value < 0.05) compared to the other non-rifampicin-treated populations. On the other hand, the diversity among C0, C, RC and RF are not significantly different. These results confirm that the loss in diversity after the antibiotic treatment is recovered after discontinuing rifampicin in G2. On the other hand, when comparing the Chao1 and Observed OTUS values between treatments, we observed that richness in rifampicin treatments (R and RR) is significantly lower (P-value < 0.05) than in controls (C0 and C) and in RC and RF at G2. Nevertheless, richness in RC and RF is significantly lower than in control populations, indicating that although the richness increases after removing the antibiotic, it is not completely recovered after 10 days. In summary, bacterial diversity and richness were severely affected by rifampicin treatment and, despite recovered diversity after discontinuing antibiotic, recovery in terms of species richness is incomplete.
To measure the differences in the bacterial community under the different conditions, we performed multiple comparisons of the Bray-Curtis distances between samples corresponding to different treatments and between replicates (Fig. 4) . All the comparisons between pairs of treatments gave a distance value significantly higher (P-value < 0.01) than that expected between replicates (within the same treatment), indicating that a different community can be distinguished for each treatment. Regarding each pair of comparisons between the six groups (15 in total), we observed that the greatest differences (distance greater than 0.7) were between rifampicin-treated and non-treated samples, both in G1 (R and RR vs. C0 and C) and in G2 (R and RR vs. RC and RF), indicating, again, the clear effects of rifampicin treatment.
We performed a heat map and cluster analysis based on taxon abundance for the six conditions, considering the 47 taxa under study (Fig. 5) . As we can see, there are two main clusters, one formed by the rifampicin-treated females at G1 and G2 (R and RR), and the other by the untreated ones. However, in the latter cluster, two subclusters are formed, one with the samples never treated with rifampicin in G1 (C0 and C), and those without the antibiotic after one generation of rifampicin treatment RC and RF (supplemented with feces). Overall, we see that only Desulfovibrio is highly abundant in all groups (between 11.23 and 23.00%, see Table S2 , Supporting Information), and is not negatively affected by rifampicin. We also found some taxa became more abundant after rifampicin treatments in R and RR (Erysipelotrichaceae and Tannerella). Other were more abundant in R but not in RR (i.e. Fusobacterium, which is the most predominant in R, and practically disappear in RR). Finally, some increased only in RR (i.e. Planctomycetes).
We have further examined which particular taxa showed significant differences (Wilcoxon-test) in abundance among the 15 possible pair of treatments (Table S3 , Supporting Information). From the 47 taxa with an abundance of above 0.1%, we selected 44 that were present in at least three samples. Thus, uc Clostridiales, uc Coriobacteriaceae and Undibacterium were not considered. Only three comparisons involving RC (RC vs. C, C0, or RF) showed no significant differences in taxa abundance. The two controls (C vs. C0) showed only four taxa with different abundances, whereas RF compared with the two controls showed differences in 14 (RF vs. C0) and 19 (RF vs. C) taxa. Two genera, 'Ca. Saccharimonas' and Thalassospira were lost in RC, and Pseudomonas and Blattabacterium (the latter is the endosymbiont and its presence must be a contamination during gut dissection) drastically decreased in abundance both in RC and RF. In R population, only seven taxa maintained a similar relative abundance as in C, while 28 taxa significantly decreased in abundance in favor of nine resistant ones. In RR, only two taxa had similar relative abundance as in C, 34 taxa significantly decreased in abundance and eight taxa were resistant (Table S3 , Supporting Information). Finally, in the comparison between the rifampicin treatments in the two generations (R vs. RR), 15 taxa maintained a similar abundance, whereas a shift in the predominant taxa occurred in the RR population, with the complete loss of 'Ca. Saccharimonas' and a drastic reduction in the abundance of 23 taxa. Only five 'super-resistant' taxa were observed in RR, which significantly increased their abundance: Desulfovibrio, Tannerella, uc Planctomycetes;vadinHA49, uc Planctomycetes;Other and uc Planctomycetaceae (see also Fig. 5 ; Table S2 , Supporting Information).
Microbiota composition in food and feces
To address the gut microbiota acquisition process, we studied the bacteria present in the food (dog food pellets) and in the feces from control adults never treated with rifampicin. Two replicates of food and feces were sequenced, and the percentages of the combined reads were compared with the percentage of the combined reads of the control samples C, as representative of the total gut microbiota (Table S4 , Supporting Information).
For the analysis, we took into account extremely low levels of abundance (equal or lower than 0.0002%) to be able to detect most of the bacteria present that could be the source for the acquisition of the microbiota. In total 69 taxa were detected, 67 of which were in feces and 29 in food. The most interesting result is that 61 taxa detected in feces were also detected in control samples, of which 26 were also present in food and feces. Two taxa (Pantoea and Enterobacteraceae;Ambiguous taxa) were detected only in food samples, whereas five taxa were unique for feces samples (uc Bacteroidales;CR-115, Fusobacteriales;boneC3G7, Acetobacter, uc Acetobacteraceae and Acetobacteraceae;Other). Finally, we identified one taxa (Weissella) found in food and feces. Remarkably, the most abundant taxa in food samples (Enterobacter, Lactobacillus and Pantoea) are in very low abundance in feces and in controls, reflecting a bacterial selection by the gut environmental conditions. It is worth mentioning that there are five predominant taxa in control populations that were not detected in either food or in feces (uc Bacteroidales;gir-aah93h0; uc Selenomonadales; uc Peptococcaceae; uc Planctomycetes;Other and the endosymbiont Blattabacterium). In summary, we observed that while food and feces contribute to the gut microbiota acquisition in the cockroach, feces are the main contributor.
Is Blattabacterium affected by rifampicin treatment? Monitoring the abundance by qPCR
As results show ( Fig. 6 ; Table S3 , Supporting Information), the urease gene from Blattabacterium varies significantly, about five orders of magnitude, between G1 and G2 samples, whereas no changes are found in the average copy number of the host actin gen. It is also noteworthy that, independently of whether the samples were treated with rifampicin or not, we find a significant reduction in the Blattabacterium abundance at 10, 20 and 30 days in G1 when compared with abundance at C0, whereas there are no significant differences for sampling time (10, 20 or 30 days).
DISCUSSION
This work represents the beginning of a series of experiments to systematically analyze the effect of different antibiotics, coprophagy is an important behavior in B. germanica and it has been demonstrated that nymphs consume conspecific feces (Silverman, Vitale and Shapas 1991; Kopanic and Schal 1999; Kopanic et al. 2001) . Moreover, second-instar nymphs consumed less fecal material than their first-instar counterparts (Kopanic and Schal 1999) . In addition, Kopanic et al. (2001) found that newly ecdysed first-instars nymphs fed only on conspecific feces survived longer than those deprived of feces, concluding that adult feces served as an important nutritional buffer for firstinstar nymphs. Recently, it has also been demonstrated that aggregation of B. germanica is regulated by fecal agents produced (at least partly) by the gut microbial community present in the feces (Wada-Katsumata et al. 2015) . In our study, the 16S rRNA analysis of DNA extracted from the diet (dog food) and from feces of a control population revealed that diet only contained a minor part of the bacteria detected in the microbiota, whereas the bacterial composition present in feces was much more similar to that present in the microbiota. This would corroborate that contact with feces during the first stages of development could be key to establishing the gut microbiota, as previously postulated, albeit undemonstrated (Kopanic et al. 2001) . The results would be in agreement with a recent finding on the deterministic assembly of the bacterial communities in guts of germ-free S. lateralis (Mikaelyan et al. 2016) , where it has been demonstrated that the cockroach gut environment elects bacteria related to the autochthonous lineages, even from a foreign inoculum, and the normal gut microbiota is rescued after exposure to conspecifics. Thus, due to the fact that all the nymphs selected to initiate the G2 populations were in contact with maternal feces for some 24 h after hatching, the microbial content could have been available, independently of the presence or absence of feces in the diet (RF or RC) during G2. In agreement with this hypothesis, rifampicin-sensitive taxa could remain in the gut or in feces at very low abundance (even at undetectable levels) until antibiotic pressure was removed, and then these bacteria were able to colonize their gut niche once more. If this is the case, as we carried out the analysis after adult stage day 10, these would correspond to previously assembled populations. In this context, we can postulate that the five taxa present in control populations and absent from feces samples could be due to a sampling effect, as only two fecal samples were analyzed, as compared to eight gut control samples. The slightly higher diversity recovered when feces from control individuals were incorporated in G2 could indicate that recovery was higher due to the addition of feces with microbiota from the control population. Thus, new experiments are required with more sampling time points in G2, including the nymphal stages, as done previously (Carrasco et al. 2014) .
Regarding the effect of rifampicin on the Blattabacterium population, we found that there was no significant reduction throughout G1. However, at G2, all the individuals showed a drastic reduction in the Blattabacterium population (five orders of magnitude), regardless of the treatment received, which suggests that rifampicin negatively affects the vertical transmission of the endosymbiont. Previously, the effect of rifampicin treatment on endosymbionts was studied in a population of the whitefly Bemisia tabaci (Shan et al. 2016) . The authors found that neither the primary nor the secondary endosymbionts were fully depleted in the adults fed on a diet with rifampicin for 48 h. However, the incidence of both endosymbionts was extremely low in the offspring of the rifampicin-treated adults, indicating that the antibiotic exerted its effect largely via females, due to the vertical transmission of endosymbionts. On the other hand, Koga, Tsuchida and Fukatsu (2003) found that when treating the pea aphid Acyrthosiphon pisum with rifampicin, the primary endosymbiont Buchnera aphidicola was eliminated, but no the facultative Serratia symbiotica. They speculated that the fragile membrane of the primary endosymbiont might increase rifampicin permeability. The results obtained in this work indicated that at least two cockroach generations of rifampicin treatment are necessary to decrease endosymbiont abundance similar to the results obtained in B. tabaci (Shan et al. 2016) . Due to the fact that rifampicin treatment was initiated in adults of 0-48 h, and that the infection of oocytes by free endosymbionts is temporally located after oocyte maturation by vitellogenesis and before chorionation and ovulation (around day 7 after adult ecdysis) (Tanaka 1973; Sacchi et al. 1988 Sacchi et al. , 1996 , it is possible that rifampicin can only affect Blattabacterium when it is freely located in the extracellular space outside the oocyte, waiting to be incorporated by endocytosis. In this case, the number of embryonic bacteriocytes formed during the embryo development and in consequence, the Blattabacterium load in G2 could also be affected. Nevertheless, it is surprising that rifampicin cannot negatively affect Blattabacterium when it is inside the bacteriocytes, as can be deduced by the absence of effect on G1 and null difference between RR, RC and RF populations. Rifampicin has been described as a lipid-soluble antibiotic with intracellular antimicrobial potential in macrophages because it can easily penetrate membranes and concentrate inside the cells (Dhillon and Mitchison 1989) , but in some cases rifampicin has failed to concentrate inside some macrophages showing reduced antimicrobial activity (Hartkoorn et al. 2007) . A possible explanation for this observation is that macrophage-mediated rifampicin metabolism reduces the intracellular antibiotic concentration. A similar mechanism has been described in some bacteria that show resistance to rifampicin (Tupin et al. 2010; Goldstein 2014) In agreement with that, our results could be compatible with a reduced effective concentration of rifampicin inside the bacteriocyte due to the action of the cell metabolism that pumps the antibiotic outside the cell, or transforms it into an inactive compound. Alternatively, it is possible that rifampicin cannot enter the fat body bacteriocytes at the concentration used in this experiment, or that Blattabacterium is protected inside bacteriocytes by the host-derived symbiosomal membrane that surrounds each bacterial cell (López-Sánchez et al. 2009) .
In this work, we have reported changes in the gut microbiota and in the Blattabacterium load associated to rifampicin treatment, which helps us to understand how microbes are transmitted across generations. Further functional studies of gut metagenomes and the evaluation of host fitness components under antibiotic treatment are needed to demonstrate the role played by microbes in the evolution of their eukaryotic hosts. We consider that the experimental system of cockroaches under rifampicin treatment is a good approach to understand the cross talk among the three components of the system: host, gut microbiota and endosymbiont. Thus, in the absence of Blattabacterium in a rifampicin-treated population, we could ascertain whether the gut microbiota can rescue the functions lost by the absence of the obligate endosymbiont.
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